Apoptosis is an essential process in multi-cellular organisms during development and homeostasis[@b1][@b2], and its dysregulation contributes to the development of various pathological conditions, including cancer and autoimmune and neurodegenerative diseases[@b3]. The family of Bcl-2 proteins plays key regulatory roles in the apoptotic cell death pathway[@b1][@b4]. As a gatekeeper of apoptosis, Bcl-2 maintains the membrane integrity of subcellular organelles, particularly of the mitochondria. Upregulation or stabilization of Bcl-2 has been associated with cancer; downregulation or destabilization of Bcl-2 with ischemia/neurodegeneration.

FK506 binding protein 38 (FKBP38) is a multi-domain protein containing a peptidylprolyl *cis-trans* isomerase (PPIase) domain followed by three consecutive tetratricopeptide repeats (TPR), a calmodulin (CaM)-binding domain, and a transmembrane domain ([Fig. 1](#f1){ref-type="fig"})[@b5][@b6][@b7]. It has been shown that FKBP38 forms a complex with Bcl-2[@b5][@b8][@b9]. However, the molecular basis of this interaction is unclear. In addition, the biological consequences of the FKBP38-Bcl-2 interaction are poorly understood. Although FKBP38 appears anti-apoptotic in some cell lines, via stabilizing Bcl-2 through co-localization and protection from degradation[@b5][@b10], in other studies, the interaction disrupts Bcl-2 activity and therefore is pro-apoptotic[@b8][@b11]. These pro-apoptotic effects of nuclear Bcl-2 are suppressed with increasing FKBP38 levels[@b12]. In addition, a viral homolog of Bcl-2 in Hepatitis C (NS5A) appears to use FKBP38 for its anti-apoptotic effects in hepatoma cells[@b13]. An important variable rarely defined in these studies is the level of calcium-saturated calmodulin (CaM/Ca^2+^) in the experimental system, which significantly enhances the interaction between Bcl-2 and FKBP38 by an undetermined mechanism presumed to include the putative calmodulin binding domain identified at the C-terminus[@b8][@b11]. To better understand the conflicting evidence from *in vivo* and *in vitro* systems, it is necessary to understand the interactions between FKBP38 and its binding partners on a molecular level.

In an effort to understand the molecular basis of FKBP38-Bcl-2 interaction, we first measured the isomerase activity of the FK506 binding domain of FKBP38 (FKBD38) and found that it was catalytically competent in the absence of CaM/Ca^2+^. Surprisingly, we found that the N-terminal extension, a region on the amino terminal side of the isomerase domain, autoinhibits isomerase activity and that this effect was reversed by CaM/Ca^2+^. We determined the solution structure of the N-terminal domain of FKBP38 (NTD), comprising the N-terminal extension and the core isomerase domain FKBD38, and mapped molecular interactions involving the N-terminal extension, NTD, FKBD38 and CaM/Ca^2+^. Conformational dyanmics was studied by NMR relaxation measurements revealing an increased mobility of the N-terminal extension comparing with the isomerase domain of the NTD. We proposed an activation mechanism for the isomerase activity of FKBP38 that involves a second calmodulin binding site in the N-terminal extension, providing a molecular rationale for the FKBP38/Bcl-2 regulation.

Results
=======

Regulation of catalytic activity
--------------------------------

It was previously suggested that the binding of CaM/Ca^2+^ to FKBP38 activates the PPIase activity of FKBP38 and subsequently allows Bcl-2 to bind to the complex[@b8], but it was unclear how calmodulin activates this noncanonical activity of FKBP38 and facilitates protein-protein or protein-ligand interactions. FKBD38, the core isomerase domain of FKBP38, is flanked by a 32-residue N-terminal extension and C-terminal TPR, a putative calmodulin-binding site, and a transmembrane region ([Fig. 1](#f1){ref-type="fig"}). To determine the contributions of the N- and C-terminal extensions on the isomerase activity and to uncover the mechanism by which CaM/Ca^2+^ activates FKBP38, we constructed three FKBP38 fragments and compared their activities in the presence and absence of CaM/Ca^2+^. As seen in [Table 1](#t1){ref-type="table"}, consistent with a previous study[@b8], the isomerase activity of the full-length FKBP38 was activated by the addition of CaM/Ca^2+^. Interestingly, the FKBD38 showed similar levels of PPIase activity in the absence of CaM/Ca^2+^, suggesting that either the N- or C-terminal extensions were inhibitory and responsive to CaM/Ca^2+^. We then identified that NTD, a fragment of FKBP38, containing the N-terminal extension, but lacking the C-terminal extension, was activated by the addition of CaM/Ca^2+^ ([Table 1](#t1){ref-type="table"}). Taken together, the data suggest that the core isomerase activity of FKBP38 is inhibited by the N-terminal extension residues flanking the isomerase domain, and that this inhibition is overcome by the addition of CaM/Ca^2+^.

Conformational flexibility of FKBP38 NTD
----------------------------------------

To investigate the role of the N-terminal extension residues, we measured backbone ^15^N relaxation rates and {^1^H}-^15^N heteronuclear Overhauser effects (NOE) for the FKBD38 and NTD in the presence and absence of CaM/Ca^2+^. The values of the relaxation parameters are shown in [Figs. 2a,b](#f2){ref-type="fig"}, [Table 2](#t2){ref-type="table"} and [Supplementary Fig. 1a,b](#s1){ref-type="supplementary-material"}. The average values of T1 for residues with a heteronuclear NOE \> 0.6 and no internal motions measured for the NTD are 862.03 ms in the free state and 872.92 ms when bound to CaM/Ca^2+^. The average T2 values for the NTD in the absence and presence of CaM/Ca^2+^ are 71.94 and 70.42 ms, respectively. The tumbling correlation times τ~c~ derived from the trimmed mean ^15^N T1/T2 ratio[@b14][@b15] for FKBD38, NTD and NTD/CaM/Ca^2+^ are 7.29, 9.07, and 9.24 ns, respectively ([Table 2](#t2){ref-type="table"}). While the values observed for FKBD38 and the free NTD are consistent with the molecular weight expected for the monomeric proteins, the increase in the tumbling correlation time upon binding of CaM/Ca^2+^ is surprisingly small. This suggests that no specific tight complex is formed and that the interaction with CaM/Ca^2+^ is weak and transient. Comparable low heteronuclear NOE values are observed for residues 1--32 in the N-terminal extension for both the free and CaM/Ca^2+^-bound NTD indicating that this region exhibits increased conformational mobility on (sub)-nanosecond time scales. However, striking differences are observed for the local tumbling correlation times (τ~c~, [Fig. 2b](#f2){ref-type="fig"}) and T2 values ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}) values for residues 11--26 in the N-terminal extension upon binding of the NTD to CaM/Ca^2+^. This indicates the presence of conformational exchange processes at μs-ms timescales that are linked to the interaction with CaM/Ca^2+^. Taken together the NMR relaxation data suggest that the N-terminal region of the NTD plays an important role in mediating weak molecular interactions of the NTD with CaM/Ca^2+^. These interactions may release a potential autoinhibition of the FKBD38 domain and thereby favorite substrate access to the isomerase core, thus explaining the increased catalytic activity.

Solution structure of the FBBP38 NTD
------------------------------------

To elucidate the mechanism of isomerase activation, we determined the three-dimensional structure of the NTD. The NTD failed to crystallize presumably due to the high flexibility of the N-terminal extension, but it was amenable to structural analysis using NMR. The NTD (residues 1--149) is highly soluble and shows a high quality ^1^H-^15^N HSQC spectrum with good chemical shift dispersion ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}), indicating a well-folded protein. The presence of only few short-range NOEs observed for residues in the N-terminal extension confirmed that this region is conformationally flexible. A model for the NTD in ribbon representation and the ensemble of the isomerase domain of the 20 low-energy structures of the NTD are shown in [Fig. 2d,e](#f2){ref-type="fig"}. Excluding the N-terminal residues spanning Met1-Glu35 and the eight C-terminal residues containing Leu150, Glu151 and a hexahistidine-tag, the root-mean-square deviation (RMSD) for the isomerase domain was 0.27 ± 0.07 Å for the backbone and 0.54 ± 0.08 Å for all heavy atoms. Statistics monitoring of the structure calculation by NMR are shown in [Supplementary Table S1](#s1){ref-type="supplementary-material"}. The isomerase domain of the NTD ([Fig. 2d](#f2){ref-type="fig"}) forms a half β-barrel composed of a 6-stranded antiparallel β-sheets and a central amphipathic α-helix. The central helix packs against the hydrophobic surface of the β-sheets. The overall fold of the isomerase domain of NTD is similar to other FKBP family members[@b16][@b17][@b18][@b19] and to the crystallographic structure of FKBD38, its isomerase core without the N-terminal extended region[@b20][@b21] ([Fig. 2e](#f2){ref-type="fig"}).

Transient intramolecular interactions of the N-terminal extension
-----------------------------------------------------------------

NMR relaxation data ([Figs. 2a,b](#f2){ref-type="fig"} and [Supplementary Fig. S1a,b](#s1){ref-type="supplementary-material"}.) indicated that the N-terminal extension (residues 1--32) shows high internal flexibility compared to the isomerase domain. On the other hand, the PRE data with the covalently attached spin label at residue C93 ([Fig. 2c](#f2){ref-type="fig"} and [Supplementary Fig. S3](#s1){ref-type="supplementary-material"}) indicated the presence of transient contacts between the N-terminal extension and the globular FBKD38. We thus recorded solvent PRE data (sPRE)[@b22] for the NTD and FKBD38 to explore whether the interactions are strong enough to significantly shield the interaction surface from solvent access ([Fig. 2f](#f2){ref-type="fig"}). The sPRE data confirmed that the N-terminal extension was highly solvent accessible consistent with its intrinsic disorder. However, no significant differences were observed for solvent PREs in the core domain comparing the two proteins. This indicated that the intramolecular contacts between the N-terminal extension and the core domain were weak and therefore did not strongly protect the interactions surface. A comparison of the 2D ^1^H- ^15^N HSQC spectra of the NTD (residues 1--149) and the FKBD38 (residues 33--149) ([Fig. 3a](#f3){ref-type="fig"}) confirmed the structural similarity of the NTD and the FKDB38. However, differences in chemical shifts are observed for residues in the core domain, consistent with autoinhibitory interactions between the N-terminal extension and the core domain. As summarized in [Figs. 3b and 3c](#f3){ref-type="fig"}, most of these perturbed residues were localized in a defined region, including residues Ser58, Lys62, Gly63 and Gln64 in the β1/β2-loop; Val65 in strand β2; Phe88 and Thr89 in β4; and Asp92, Cys93, Asp94, Val95 and Ile96 in the β4/α1-loop and close to the putative isomerase active site. The weak and transient intramolecular interactions between the N-terminal extension and the isomerase domain FKBD38 is possibly regulated by charged residues, e.g. residue Lys62 might be involved in the interaction with the negatively charged residues in the N-terminal extension ([Fig. 3d](#f3){ref-type="fig"}).

The NTD interacts with CaM/Ca^2+^
---------------------------------

We examined whether the N-terminal extension (residues 1--32) of FKBP38 could mediate interactions with calmodulin. Chemical shift perturbations (CSP) were monitored for ^15^N-labeled CaM/Ca^2+^ in the absence and presence of a peptide corresponding to residues 1--32 of FKBP38. A number of calmodulin residues showed significant CSP upon addition of the peptide, indicating that the peptide interacts with CaM/Ca^2+^ ([Fig. 4a](#f4){ref-type="fig"}). Some residues in calmodulin perturbed by the FKBP38 peptide, including Phe16, Phe19, and Phe68, are located within the canonical calmodulin ligand-binding site[@b23]. In the reciprocal experiment, addition of unlabeled CaM/Ca^2+^ to the ^15^N-labeled NTD generated noticeable changes in the ^1^H-^15^N HSQC spectrum, which were mapped primarily to the N-terminal extension of the NTD, mainly for residues Ala16, Arg17, and Phe19 -- Glu24 ([Fig. 4b,c](#f4){ref-type="fig"}). Importantly, the NTD did not interact with Ca^2+^ alone in our experimental conditions ([Supplementary Fig. S5](#s1){ref-type="supplementary-material"}). We also added unlabeled calmodulin to ^15^N-labeled NTD, but no detectable CSP was observed, which suggested that the interaction between NTD and calmodulin is calcium dependent ([Fig. S6](#s1){ref-type="supplementary-material"}). To further prove the interaction between NTD and CaM/Ca^2+^, a pull-down experiment using calmodulin resin was conducted. In this experiment, the expressed NTD in *E. coli* was purified using calmodulin resin. The amount of NTD purified by the calmodulin resin was low, indicating that the interaction was weak and transient ([Fig. S7](#s1){ref-type="supplementary-material"}).

Taken together, these data suggest that the N-terminal extension of FKBP38 is directly involved in a molecular interaction with CaM/Ca^2+^. Analysis of the NMR titration data showed that the interaction was weak with a dissociation constant *K*~D~ ≈ 0.7 mM ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). The peptide sequence in the N-terminal extension of the NTD that mediated CaM/Ca^2+^ binding is distinct from any of the typical calmodulin binding motifs, including IQ, 1--10, 1--14 and 1--16 classes, but has some similarity with the 1-5-8-14 motif, a subclass of the 1--14 motif[@b24]. This might explain the relatively low binding affinity compared with those of typical calmodulin binding motifs.

To determine if the observed CaM/Ca^2+^-mediated regulatory mechanism of FKBP38 is important for Bcl-2 binding, Flag-tagged FKBP38 constructs were overexpressed in HeLa cells and extracts were immunoprecipitated using anti-Flag antibodies. FKBP38ΔN32 in the presence of Ca^2+^ showed a significantly reduced binding to calmodulin as compared with that of FKBP38, indicating that the N-terminal extension is important for calmodulin binding ([Fig. 5](#f5){ref-type="fig"}). In keeping with the presence of a putative calmodulin-binding site at the C-terminus of FKBP38 ([Fig. 1](#f1){ref-type="fig"}), calmodulin binding was not completely eliminated. Concomitantly, the affinity between FKBP38 and Bcl-2 was significantly enhanced with removal of the N-terminal extension. These results strongly suggest that the N-terminal extension of FKBP38 is a calmodulin-binding site critical for the Bcl-2 recognition.

Discussion
==========

The current work defines a structural rationale for the activation of FKBP38, the only member of the FKBP family regulated by a second messenger (calcium), and lays the groundwork for further studies aimed at understanding the FKBP38-Bcl-2 interaction and its *in vivo* consequences. The peculiar characteristics of the active site of FKBP38 may explain the presence of a non-canonical regulatory system for this enzyme. The substrate binding pockets of most active FKBP domains, including those found in FKBP12[@b25], FKBP22[@b26], FKBP25[@b27], FKBP51[@b18], and FKBP52[@b16], are conserved and characterized by the presence of aromatic residues ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). In contrast, many of the analogous residues in FKBP38 are replaced by residues with aliphatic characteristics, including Leu70, Leu86, Leu99, and Leu139 ([Supplementary Fig. S8a](#s1){ref-type="supplementary-material"}). Indeed, the lack of conservation in the active site of FKBP38 initially led to the classification of this protein as not having isomerase activity, until the stimulatory effect of CaM/Ca^2+^ was discovered[@b8]. The large molecular weight FKBP containing proteins (FKBP51 and FKBP52) contain two FKBP domains at the N- and C-terminal regions, respectively. Although similar in primary sequence, their N-terminal FKBP domains possess rotamase activity and are able to bind FK506 and rapamycin, while the C-terminal FKBP domains do neither action, but are instead proposed to contribute to the activity of the enzyme mainly through protein-protein interactions[@b3][@b18][@b28][@b29]. Previous structural analyses of N- and C-terminal FKBP domains of FKBP51[@b18] and FKBP52[@b16] indicate that active site substitutions and loop insertions flanking the binding pocket are responsible for the loss of activity in the C-terminal FKBP domains. Our sequence analysis containing only the human FKBP domains places FKBP38 closer to the C-terminal FKBP domains of 51 and 52 than the N-terminal FKBP domains, while only FKBP38 possesses the N-terminal extension. Neither FKBD38 nor the NTD of FKBP38 is able to bind FK506[@b30]. Similarly, in our studies, the flexible N-terminal extension of FKBP38 is also responsible for the loss of activity. This appears to depend on weak autoinhibitory interactions of the N-terminal extension with the isomerase core domain. These contacts map to residues that are located near the putative isomerase active site of FKBP38, i.e. Asp94, Val95 and Ile96 ([Figs. 3b,c](#f3){ref-type="fig"}) and may thereby inhibit the isomerase activity. Complex formation between CaM/Ca^2+^ and the NTD via the N-terminal extended region releases the autoinhibitory interaction of the N-terminal extension and may thereby enhance isomerase activity ([Fig. 6](#f6){ref-type="fig"}). Such a mechanism of regulation of catalytic activity involving an N-terminal extension that engages both autoinhibitory interactions and binding to another protein in *trans* with highly dynamic and transient interactions has not been described for any other FKBP proteins. In other FKBPs typically the inactive and active forms of FKBP structures are encoded by two separate isomerase domains, such as seen in FKBP51 and 52. The substitutions in the active site of FKBP38, a subset of which are affected by the presence of the N-terminal extension, imply that the autoinhibitory interaction we have described may be unique to this FKBP.

Although the N-terminal extension is not predicted to harbor a canonical calmodulin-binding site, we show that it clearly binds to calmodulin although weakly. This is consistent with a previous report[@b31], where the interaction of FKBP38^1--165^ (residues 1--165) with the CaM/Ca^2+^ revealed by CSP effects within the N-terminal extension with much weaker binding affinity (*K*~d~ = 4.5--26 mM) compared with the NTD (residues 1--149). It was noted that their CSP analysis on the catalytic domain of FKBP38^1--165^ was impossible due to the fact that the ^1^H-^15^N HSQC spectra were dominated by very strong amide signals from Met1-Glu34 and Asp151-Asn165 regions[@b31]. Our analysis of the NTD, where residues of the catalytic domain could be well studied by NMR shows that there are no significant CSP effects within the catalytic domain, and only a subset of cross-peaks, representing the N-terminal extension, was affected by the addition of CaM/Ca^2+^ ([Figs. 4b,c](#f4){ref-type="fig"}).

There is also a putative C-terminal calmodulin binding site described previously for FKBP38[@b8][@b27]. Six of the sixteen annotated human FKBPs have a similar or conserved domain architecture to FKBP38, with a C-terminal TPR that follows an FKBP domain and a conserved α-helical segment immediately C-terminal to the TPR domain ([Fig. 1](#f1){ref-type="fig"}). This region of FKBP52 is predicted to be a potential coiled-coil region and does not bind calmodulin[@b32], but the homologous segments in FKBP37/XAP2 and FKBP38 are predicted to encode calmodulin binding sites[@b23]. For the three other FKBPs, no functional significance has been attributed to this region. The biological effect of calmodulin binding on either the C-terminal or N-terminal sites in cells is unknown. Indeed, it has not been experimentally determined whether one interaction predominates over the other with respect to downstream Bcl-2 signaling. It is certainly intriguing to speculate that some of the potentially conflicting results in the field may be, at some point, traced back to the existence of these two sites of regulation. Our data suggest that both calmodulin binding sites affected the interaction between FKBP38 and Bcl-2 ([Fig. 5](#f5){ref-type="fig"}).

In conclusion, the current study is focused on the dynamics and structural features of the N-terminal domain of FKBP38, in particular the N-terminal extension. Interestingly, the N-terminal extension of FKBP38 interacts with CaM/Ca^2+^ to potentiate the isomerase activity of FKBP38 in a novel fashion. We speculate that this interaction might serve as a molecular basis for the catalytic activation of FKBP38 in a noncanonical manner. The information presented here provides important clues for understanding the catalytic activity of FKBP38, its regulation by the unique N-terminal extension, and the potential calcium- and calmodulin-mediated activation of FKBP38, including the binding of FKBP38 to Bcl-2.

Methods
=======

Measurement of PPIase activity
------------------------------

The PPIase activity of FKBP38 proteins were was measured using a protease-coupled assay[@b8]. The reaction mixture contained 1 μM of PPIase, 5 μM CaM, 5 mM Ca^2+^, and 50 μg/ml of chymotrypsin. The reaction was performed at 4°C using N-Succinyl-Ala-Ala-Pro-Phe-p-Nitroanilide (Bachem) and read at 390 nm on a Varian Cary 300 UV-VIS Spectrophotometer (Varian). For kinetic measurements, PPIase was measured at 0, 25, 50, 100, and 200 μM of N-Succinyl-Ala-Ala-Pro-Phe-p-Nitroanilide, and the initial velocities measured were plotted against the substrate peptide concentrations. The data points were transformed to generate a double-reciprocal plot which yields V~max~ and K~m~. Assays were repeated three times.

NMR spectroscopy
----------------

All NMR experiments were performed at 30°C on a Bruker AVANCE II 700 MHz NMR spectrometer equipped with four RF channels and a 5 mm z-gradient TXI cryoprobe, unless otherwise specified. The chemical shifts were referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate acid (DSS). All NMR data were processed by NMRPipe[@b35] and analyzed using NMRView[@b36]. Published chemical shift assignments of NTD ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"})[@b37] were used in its backbone dynamic studies and chemical shift perturbation analysis.

NMR relaxation measurements
---------------------------

Backbone ^15^N relaxation (T1 and T2) and {^1^H}-^15^N heteronuclear Overhauser effect (hetNOE) were measured on ^15^N-labeled or ^13^C/^15^N-labeled samples with 0.1 mM concentration. The molar ratio of NTD and CaM/Ca^2+^ was 1:3 for the complex of NTD/CaM/Ca^2+^. All relaxation experiments were recorded with an interleaved acquisition scheme using 2D sensitivity-enhanced experiments, as previously described previously[@b38][@b39]. A 1.5-s interscan delay was used for the T1 and T2 measurements. Ten (14.4, 28.8, 43.2, 57.6, 72, 100.8, 129.6, 158.4, 187.2, and 201.6 ms) and twelve (21.6, 54, 108, 162, 270, 432, 648, 864, 1188, 1512, 1944 and 2268 ms) time points were acquired for T2 and T1, respectively. hetNOE experiments were recorded with a 2-s interscan delay followed by either 3 s of proton saturation using a series of 120° ^1^H pulses or an additional 3 s delay. The relaxation rates were fitted using a nonlinear least-squares routine implemented in NMRView[@b36]. The overall rotational correlation time τ~c~ was estimated from T1/T2 ratio of the residues for which the hetNOE values were \> 0.6 and had no internal motions[@b14][@b34].

NMR spectroscopy and paramagnetic relaxation enhancement measurements
---------------------------------------------------------------------

To prepare the samples for paramagnetic relaxation enhancement (PRE) measurements, NTD_C121A/C139T was completely reduced by the addition of 50 mM dithiothreitol, and exchanged buffer to 200 mM Tris (pH 8.0) and 200 mM NaCl. Five molar equivalents of methanol-dissolved 3-(2-iodoacetamido)-proxyl (Sigma-Aldrich) was added and the reaction was left in the dark at 4°C overnight. Excess spin label was removed by changing the buffer to sodium phosphate buffer (20 mM sodium phosphate, pH 7.0, 50 mM NaCl, and 0.1 mM EDTA) using a PD10 desalting column (GE Healthcare Life Sciences). PRE was determined by peak intensity ratio from 2D ^1^H-^15^N HSQC spectra without (I\_~para~) and with (I\_~dia~) the addition of twenty molar equivalents of ascorbic acid (I\_~para~/I\_~dia~). The PRE was also directly measured as the difference of ^1^H^N^ R2 relaxation rates with oxidized and reduced spin label[@b40].

Solvent paramagnetic relaxation enhancement rates were measured by titration of gadolinium diethylene-triamine-penta-acetic-acid bismethylamide (Gd(DTPA-BMA)) to protein samples. Saturation recovery ^1^H-^15^N HSQC experiments with recovery times from 0.01 to 3 s were recorded at concentrations of 0, 1, 2, 3, 5, 7 and 10 mM Gd(DTPA-BMA) and data were analyzed as described[@b41].

NMR structure determination
---------------------------

For structural studies, samples (0.5--1 mM) in 20 mM sodium phosphate (pH 7.0), 1 mM DTT, 50 mM NaCl, and 0.1 mM EDTA were used. As previously described[@b37], backbone ^1^H, ^15^N, ^13^C resonances were assigned using data from 2D ^1^H-^15^N HSQC, 3D HNCA, HN(CO)CA, 3D HNCO, 3D HNCACB, and 3D CBCA(CO)NH spectra. The side chain ^1^H and ^13^C resonances were obtained from 3D HCC(CO)NH-TOCSY, 3D HCCH-TOCSY and ^13^C-edited NOESY experiments[@b42]. Nuclear Overhauser effects (NOE) distance constraints were obtained from 3D ^15^N- and ^13^C-edited NOESY spectra acquired with mixing times ranging from 80 to 200 ms. Hydrogen bond restraints were determined based on a backbone amide H/D-exchange experiment. A ^15^N-labeled sample was lyophilized and a 2D ^1^H-^15^N HSQC spectrum was recorded immediately after adding 99.9% D~2~O. The HSQC spectrum revealed 48 cross-peaks that still remained after the exchange. Where the acceptor oxygen for the slowly exchanging amide was identified from preliminary structural ensembles and NOE analysis, 39 hydrogen bond restraints (1.8 to 2.3 Å and 2.8 to 3.3 Å for the NH-O and N-O distances, respectively) were introduced into the structure calculations. A total of 4,195 unambiguous NOE distance restraints were used for structure calculation. This corresponds to a ratio of about 28 restraints per residue. The experimentally determined distance and dihedral angle restraints ([Supplementary Table S1](#s1){ref-type="supplementary-material"}) were included in a standard simulated annealing protocol with torsion angle dynamics using the program ARIA[@b43] and CNS[@b44]. In the first 7 iterations, 20 structures were calculated per iteration. In the final iteration, 100 structures were calculated[@b39] and the 20 structures with the lowest target function energy were calculated with a full molecular dynamics force field, including electrostatic and Lennard-Jones potentials, and water-refined by ARIA[@b43][@b45]. A square-well potential (*F*~NOE~ = 50 kcal·mol^−1^) was used to constrain NOE-derived distances. Torsion angle restraints Φ, Ψ were determined from the analysis of N, C′, C^α^, and H^α^ chemical shifts using the program TALOS[@b46]. A force constant of 200 kcal·mol-1·rad-2 was applied to all torsion restraints. The program PROCHECK-NMR was used to check the quality of the calculated structures in the ensemble[@b47]. NMR data have been deposited in the RCSB PDB with code 2MF9 and Biological Magnetic Resonance Data Bank with code 6923.

Chemical shift perturbation analysis by NMR spectroscopy
--------------------------------------------------------

To measure protein-protein or protein-ligand interactions, chemical shift perturbations to ^15^N- labeled FKBP proteins were monitored on 2D HSQC spectra using 0.1 mM protein samples in the sodium phosphate or the Bis-Tris buffer. Combined chemical shift perturbation Δδ = ((Δδ ^1^H)^2^ + (0.154\* Δδ ^15^N)^2^)^1/2^ were calculated based on the chemical shift values perturbed by adding increasing amounts of unlabeled peptides or proteins.

Cell transfection, immunoprecipitation and immunoblotting
---------------------------------------------------------

Human FKBP38 cDNA was cloned into a pXJ-Flag-S plasmid with the BamHI and XhoI sites[@b48]. The N-terminal deletion mutant (FKBP38ΔN32) was prepared by subcloning the PCR-amplified fragment into pXJ-Flag-S. All constructs were confirmed by DNA sequencing. HeLa cells were seeded at a density of about 2 × 10^5^ cells per well. When the density of cells reached 80--90%, cells were transfected with either pXJ-Flag-FKBP38 (encoding wild-type FKBP38 with a Flag tag) or pXJ-Flag-FKBP38ΔN32 (the N-terminal 32-residue deletion mutant with Flag-tag) using LipofectamineTM (Invitrogen, Carlsbad, CA). After incubation for 24 h, the transfected cells were lysed using TNE lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, and 1 mM EDTA) including protease inhibitor cocktail solution (Roche Diagnostic, Singapore). Equal amounts of proteins were pre-incubated with 1 mM CaCl~2~ and then immunoprecipitated using anti-Flag (Sigma-Aldrich) at 4°C for 16 h and then immobilized protein G (Pierce) at 4°C for 3 h. The immunoprecipitate was then washed four times in the cold TNE lysis buffer. Bound proteins were resolved on a 12% SDS-PAGE gel and analyzed by Western blotting. Monoclonal anti-Bcl-2 and anti-CaM antibodies were purchased from Santa Cruz (Santa Cruz Biotechnology, CA, USA). Signals were detected with the SUPEX Western blotting detection kit (Neuronex Co. Korea).
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![The sequence of human FKBP38.\
The domain organization of FKBP38 is shown, along with a graphical representation of the constructs used in the current study. Above, the N-terminal 32 residues of FKBP38 and sequence alignment of the C-terminus of all TPR-containing human FKBPs, within which FKBP37 and FKBP38 are predicted to encode calmodulin binding domains. SS is the consensus secondary-structure prediction for all listed proteins[@b33]; numbering is according to FKBP38. FKBP, FKBP binding domain; TPR, tetratricopeptide repeats; TM, transmembrane domain; NTD, N-terminal domain.](srep02985-f1){#f1}

![Relaxation, PRE data and NTD structure.\
(a) {^1^H}-^15^N hetNOE for the backbone amide of the core isomerase domain (FKBD38; blue), N-terminal domain (NTD; black) of FKBP38, and the NTD/CaM/Ca^2+^ complex at 1:3 morlar ratio (red). The N-terminal tail (residues 1--32) exhibits negative or near zero {^1^H}-^15^N hetNOE values, suggesting the unstructured characteristic of this region. The estimation errors were not plotted for clarity but referable to [Table 2](#t2){ref-type="table"}. (b) The rotational correlation time τ~c~ was derived from the T1/T2 ratio for all residues. (c) Experimental signal intensity ratio I_para/I_dia from 2D ^1^H-^15^N HSQC spectra without and with the addition of twenty molar equivalents of ascorbic acid. Due to the slight protein concentration change after adding ascorbic acid, the intensity ratios were normalized by setting largest I_para/I_dia ratio to 1. A prosxyl spin label 3-(2-iodoacetamido)-proxyl (Sigma-Aldrich) was attached to residue Cys93 of NTD_C121A/C139T, indicated by the red arrow. The red line across the graph represented a threshold of 0.78, protons above which were considered far from the prosxyl spin label and unrestrained. (d) The model for the NMR structure of NTD is shown in ribbon representation and colored by secondary structure (α-helices in cyan, β-sheets in green, and loops in purple). The N-terminal extension seen in the NMR structure was modeled from the PRE data, as shown in Fig. 2c and [Supplementary Fig. 3](#s1){ref-type="supplementary-material"}. The N- and C-termini are labeled, as are the secondary structural elements. (e) The backbone ensemble of 20 superimposed NMR-derived structures of the NTD (shown in black) and N-Cα-C′-trace of the isomerase core structure determined crystallographically (PDB ID 2AWG, shown in red). The N-terminal extension (residues 1--32) is not presented for clarity as it is highly flexible and only a restricted number of NOEs were observed in this region. Molecular graphics were created using PyMOL (<http://www.pymol.org>). (f) Solvent PRE experiments for NTD and FKBD38.](srep02985-f2){#f2}

![Overlay of 2D ^1^H-^15^N HSQC spectra of the N-terminal domain (NTD) and core isomerase domain (FKBD38).\
The assignments for resolved backbone residues are labeled with the residue number. (a) Chemical shift perturbations of the 15N-labeled NTD of FKBP38 upon deletion of the N-terminal extension (residues 1--32) were analyzed by overlaying 2D ^1^H-^15^N HSQC spectra of the NTD (red) and FKBD38 (black). (b) The ^15^N and ^1^H chemical shift changes were combined using the equation, Δδ = ((Δδ ^1^H)^2^ + (0.154\* Δδ ^15^N)^2^)^1/2^). A threshold value at 0.025 ppm is indicated by a horizontal dotted line. (c) The residues of the perturbed chemical shifts attributed to deletion of the N-terminal extension are indicated by residue numbers (left) or highlighted in green on the surface representation (right). For simplicity, only the combined weighted chemical shifts higher than 0.025 ppm are shown. (d) ±1 kT/e electrostatic potential of NTD generated using APBS PyMOL plotted on the solvent accessible surface (blue, positively charged; red, negatively charged; white, neutral), in approximately the same orientation as that of the molecules in Fig. 3c (left). Positively charged residues K62 and K119 are labeled, where residue K62 might be involved in the interaction with the negatively charged residues in N-terminal extension.](srep02985-f3){#f3}

![The N-terminal extension (residues 1--32) of FKBP38 binds calcium-saturated calmodulin (CaM/Ca^2+^).\
(a) An overlay of 2D ^1^H-^15^N HSQC spectra of CaM/Ca^2+^ (black), and CaM/Ca^2+^ in the presence of the peptide derived from the N-terminus (residues 1--32) of FKBP38 (red). Some of the perturbed residues of calmodulin (BMRB 6542, PDB 1X02) are highlighted with residue numbers. (b) Titration between ^15^N labeled FKBP38 N-terminal domain (NTD) with CaM/Ca^2+^. 0.1 mM ^15^N labeled NTD was titrated with 0.3 mM calmodulin in the presence of 2.4 mM Ca^2+^. Resonances for NTD are indicated in black and those for NTD + CaM/Ca^2+^ complex are indicated in red. The perturbed residues in the N-terminal extension upon binding CaM/Ca^2+^ are highlighted in a zoomed view of the binding site. The spectra were recorded at 303 K on a 600 MHz equipped with a cryoprobe. (c) The ^15^N and ^1^H chemical shift changes are combined using the equation Δδ = ((Δδ ^1^H)^2^ + (0.154\* Δδ ^15^N)^2^)^1/2^). A threshold value at 0.02 ppm is indicated by a horizontal dotted line.](srep02985-f4){#f4}

![The N-terminal extension of FKBP38 is involved in calmodulin binding in cells.\
The wild-type FKBP38 and a mutant containing deletion of the N-terminal extension, both fused at their N-terminus to a Flag epitope tag (pXJ-Flag-S/FKBP38 and pXJ-Flag-S/FKBP38ΔN32), were transiently transfected into HeLa cells. Immunoprecipitates of HeLa lysates after calcium incubation were analyzed using anti-Bcl2 and anti-calmodulin antibodies.](srep02985-f5){#f5}

![Proposed mechanism for auto-inhibition and activation of the N-terminal domain (NTD) isomerase activity by interaction with CaM/Ca^2+^ interaction.](srep02985-f6){#f6}

###### Kinetic analysis of various forms of human FKBP38

  FKBP mutants         *k*~cat~ (min^−1^)   *K*~m~ (μM)   *k*~cat~/*K*~m~ (M^−1^s^−1^) × 10^3^   Fold Relative Catalytic Efficiency Increase
  ------------------- -------------------- ------------- -------------------------------------- ---------------------------------------------
  FKBP38                    65 ± 4.8        194 ± 16.5                    5.6                                         1
  FKBP38/CaM/Ca^2+^         56 ± 2.4         120 ± 5.1                    7.8                                        1.6
  NTD                       67 ± 0.9        224 ± 12.7                    5.0                                        0.9
  NTD/CaM/Ca^2+^            39 ± 5.1         86 ± 6.4                     7.7                                        1.4
  FKBD38                    149 ± 10        192 ± 13.9                    13.0                                       2.3

Abbreviations: FKBP38, FK506 binding protein 38; CaM/Ca^2+^, calcium-saturated calmodulin; NTD, N-terminal domain; FKBD38, FK506 binding domain of FKBP38.

###### Analysis of Molecular weights and relaxation data for FKBD, NTD and NTD/CaM/Ca^2+^ complex

                                            FKBD38             NTD         NTD/CaM/Ca^2+^
  ------------------------------------ ---------------- ----------------- -----------------
  Calculated MW (kDa)                       12.85             16.9              33.6
  Average T1 of all residues (ms)       774.13 ± 91.29   822.74 ± 122.32   839.11 ± 246.27
  Average T2 of all residues (ms)       98.71 ± 24.93    109.99 ± 87.65    100.86 ± 82.68
  Trimmed Average T1 (ms)               783.77 ± 95.66   862.03 ± 88.78    872.92 ± 125.91
  Trimmed Average T2 (ms)               96.17 ± 20.66     71.94 ± 10.74     70.42 ± 13.05
  Trimmed Average T1/T2                      8.15             11.98             12.4
  Overall correlation time τ~c~ (ns)         7.29             9.07              9.24
